Abstract
Introduction 27
Recent studies suggest that the Greenland Ice Sheet (GrIS) is losing mass at an accelerating 28 rate [Rignot and Kanagaratnam, 2006; Joughin et al., 2008; Pritchard et al., 2009] , with a 29 suggested that variation in the rate of meltwater production alters the rate at which water 48 reaches the bed via crevasses and moulins, which affects subglacial water pressures and 49 therefore rates of sliding [Schoof, 2010; Hewitt, 2013; Werder et al., 2013] . In this respect, 50 the ablation areas of the GrIS are similar to temperate valley glaciers [Iken and Bindschadler, 51 1986; Mair et al., 2002; Bingham et al., 2003] . 52
Recent evidence from the GrIS shows that ice velocities increase in the short-term (hours to 53 days) in response to increased meltwater delivery to the bed, either by hydrofracture initiating 54 lake drainage Doyle et al., 2014; Joughin et al., 2013; Tedesco et al., 55 2013], or by increased melt production and more rapid routing of water to existing moulins 56 [Shepherd et al., 2009; Banwell et al., 2013] . There is less certainty surrounding seasonal and 57 annual velocity changes and how these are affected by variations in melt delivery at similar 58 timescales [e.g., Moon et al., 2014] . Recent evidence suggests that in the ablation areas of 59
GrIS outlet glaciers, warmer (cooler) summers with higher (lower) overall melt rates are 60 associated with reduced (enhanced) summer velocities [van de Wal et al., 2008 ; Hoffman et 61 6 conducive to rapid development of channelized flow in the early part of the melt season 155 [Pimentel and Flowers, 2010; Banwell et al., 2013; Sole et al., 2013] . However, as the 156 temporary storage and release of water in a distributed subglacial drainage system is not 157 explicitly accounted for by the model, subglacial water routing may sometimes occur too 158 rapidly in our model, notably in the early part of the melt season. 159
Subglacial drainage system analysis 160
Here, we briefly describe the key boundary conditions of the model: the subglacial catchment 161 feeding the Asiaq station; the overall structure of the subglacial drainage system within this 162 catchment; and the surface catchment feeding the moulins that feed the subglacial drainage 163 system. As these boundary conditions are very similar to those employed by Banwell et al. 164 [2013], we refer the reader to that study for a fuller description. 165
Subglacial catchment and drainage network delineation 166
To define the subglacial catchment area and the structure of the subglacial drainage network 167 (i.e. the locations and connectivity of the drainage conduits), we assume that water flows 168 along the steepest subglacial hydraulic potential gradient (following Shreve [1972] ). The total 169 subglacial hydraulic potential (Φ) (Pa) is the sum of the elevations, and pressure potentials 170 and can be defined as: 171
(1) 172 where ρ w is water density (1000 kg m -3 ), ρ i is ice density (917 kg m -3 ), g is acceleration due to 173 gravity (9.81 m s -1 ), Z b is the bed elevation (m), Z s is surface elevation (m), and k is a spatially 174 uniform flotation fraction, defined as the ratio of water pressure to ice overburden pressure 175 (P w /P i ), with k = 1 representing water at the ice overburden pressure, and k = 0 representing 176 atmospheric pressure (adapted from Shreve [1972] and following Banwell et al. [2013] ). 177
First, using the 100 m resolution surface and bed DEMs, we calculate hydraulic potential 178 surfaces for a range of realistic k values from 0.5 to 1.0 ; 179 (note that throughout the rest of this paper, the term 'k value' refers to 180 the k in Equation 1). Although the k value is likely to be spatially and temporally variable in 181 reality, it must be fixed for the purpose of defining the subglacial catchment area and7 drainage network and is considered to be a long-term average for steady - This study differs to the study by Banwell et al. [2013] , in which lakes drain only if they 200 reach a threshold volume of water during the melt season (and in which lakes that do not 201 reach a given threshold volume, overflow into downstream catchments). The 'open' moulin 202 assumption reduces our model's ability to capture short-term fluctuations in water pressures 203 (and associated inferred short-term fluctuations in ice velocity) resulting from lake drainage 204 events. However, Banwell et al. [2013] concluded that longer-term periods of sustained water 205 pressures (and associated longer-term fluctuations in ice velocity) are not a direct result of 206 lake drainage events; instead, lake drainage events probably play a key role in opening up 207 moulins, which can subsequently transport large quantities of water rapidly from the surface 208 to the ice-bed interface for the remainder of the melt season. This is supported by evidence 209 that lake drainage events have mainly short (< 1 -2 days) effects on ice dynamics [Das et If we assume that moulins are vertical shafts routing water directly from the surface to the 216 bed [Björnsson, 1982; Catania et al., 2008] , with each moulin having its own supraglacial 217 catchment supplying it with runoff, the size and shape of the entire Paakitsoq supraglacial 218 catchment is highly dependent on the shape of the subglacial catchment feeding the Asiaq 219 station [Banwell et al., 2013] . The LCIA is run for the surface DEM in order to identify 220 which lake locations (assumed to all contain 'open' moulins) supply melt to the subglacial 221 catchment for each specified k value. 222
k value selection 223
As explained more fully in Banwell et al. [2013] , subglacial catchments defined for different 224 k values will be associated with different volumes of surface meltwater due to the varying 225 extents of the supraglacial catchments that supply water to the bed. In order to choose a 226 suitable k value to define the subglacial drainage system structure and catchment area, found that a value of k = 0.925 produced the best agreement between modeled and observed 232 runoff, a value of k = 0.95 produced the largest surface catchment feeding the Asiaq station. 233
We adopt this value in this study as it enables us to investigate the impacts of introducing the 234 largest volume of surface meltwater to the subglacial system that is physically plausible. 235
A value of k = 0.95, equivalent to an average subglacial water pressure that is 95% of ice 236 overburden, may seem high, but as suggested by Banwell et al. [2013] , it is likely that 237 conduit paths become established early in the summer when water pressures are very high 238 due to lower discharge. Once established, conduits are likely to remain fixed in those 239 locations, since they are unlikely to migrate laterally to areas of the bed with a lower 240 hydraulic potential. We also note that specific conduit locations are relatively insensitive to 241 the range of k values we test [Banwell, unpublished PhD thesis, 2012] , so predicted pressure 242 fluctuations are unlikely to be a strong function of the k value used to determine the 243 catchment size. Therefore we use k = 0.95 to determine: i) the size and shape of the 244 subglacial catchment feeding the Asiaq station; ii) predict subglacial conduit paths; iii) 245 specify the number and locations of moulins, and therefore the size and shape of the 246 supraglacial catchment. 247 Figure 2 shows the inferred locations of individual conduits, moulins, junctions and outflow 249 points overlaid onto the subglacial flow accumulation map for the subglacial catchment for k 250 = 0.95. Junctions are placed along conduits, such that no conduit segment is longer than 1000 251 m (conduit segments longer than this reduce model stability [Roesner et al., 1988] 
Subglacial network configuration 248

Input hydrographs 269
The subglacial model is driven with moulin input hydrographs that are generated using the 270 melt output from the PDD model, which is then routed in each sub-catchment to its 271 appropriate moulin using a surface routing model. 
Positive degree-day model 281
Like all PDD models, our model is forced entirely using temperature data. Although the 282 concept involves a simplification of complex processes that are more accurately described by 283 the surface energy-balance equations, the approach is justified because of the high correlation 284 between temperature and various components of the energy-balance equation [Braithwaite, melt that are comparable to more complex EB modeling [van de Wal, 1996] . 291
We use a degree-day factor (DDF) of 8.9 mm per PDD for ice [Braithwaite and Olesen, 292 1989; Braithwaite, 1995] , and a DDF of 3.6 mm per PDD for snow [McMillan et al., 2007] . 293
Following Arendt et al. [2009] , the PDD model calculates the total melt, M (mm water 294 equivalent (w.e.)), produced in a surface grid cell at each time interval (Δt, equal to 24 295 hours), using the following equations: 296
(2) 297
where T is the daily average air temperature ( o C), P is the daily total precipitation (rain and 300 snow, mm w.e.), z is elevation (m), DDF snow/ice is the degree-day factor for snow/ice (mm where the lower boundary of R is zero across the entire catchment glacier, and the upper 320 boundary of R is assumed equal to accumulated snow in the ablation area. Daily melt 321 refreezes until the accumulated melt in one day (i.e. 24 hours) exceeds the potential 322 refreezing, at which point it is treated by the PDD model as runoff. Hock, 2006] . This is appropriate, as future changes in surface 335 elevation will have a much smaller effect on surface runoff (as a result of lapse-rate driven air 336 temperature changes) compared to the effects of RCP-driven air temperature changes. 337
Moreover, the effect of surface mass loss (ice/snow) on the ice overburden pressure at the 338 bed (and therefore conduit opening/closure rates) will have a much smaller effect on 339 subglacial water pressures than will the future increase in meltwater entering the subglacial 340 system due to increased surface melt. Finally, while future changes in surface topography 341 might lead to minor changes in the size and shape of surface catchments, studies suggest that 342 the locations of surface depressions, and therefore moulins, are unlikely to vary greatly over 343 the next century due to the overriding control of bedrock topography [Echelmeyer et al., 344 1991; Sergienko, 2013] . 345
Future climate forcing 346
We applied a statistical downscaling method, referred to as 'local scaling' [Salathé, 2005] 
where T i,GCMf is the mean monthly temperature ( To calculate future precipitation rates, the local scaling method simply multiplies the large-362 scale simulated precipitation at each local grid point by a seasonal scale factor; precipitation 363 is scaled equally throughout the year. The future precipitation time series (P i ) is 364
where P i, GCMf is the monthly precipitation sum for month i from the future run of the GCM 366 for the period 2006 to 2100; P i,measured is the mean measured precipitation, for month i, over 367
As the PDD model requires daily meteorological data, and the future climate data is only 378 monthly, we calculated the average temperature and precipitation per day using a ten-year 379 As the century progresses, and for the more intense RCP scenarios, our model suggests an 419 increase in the areal extent of high surface runoff. scenario, and for 2000, the variation in average P w /P i is shown for a) moulins/junctions < 10 447 km of the ice margin; and b) moulins/junctions > 10 km of the ice margin. In general, within 448 each group of moulins/junctions, the overall patterns in P w /P i appear to follow a similar trend 449 for all future years and for all RCP scenarios. The time series show an early-season peak in 450 P w /P i (higher and more pronounced for moulins > 10 km from the margin), followed by a 451 period of elevated water pressure (again, generally longer and with higher P w /P i , for moulins 452 > 10 km from the margin), and then a decrease to a lower, fluctuating, mid-to late-season 453
value. 454
With the exception of RCP 2.6, where the maximum runoff occurs in 2050 instead of 2095, get more extreme, the peaks in P w /P i also tend to occur earlier in the melt season, and then 463 decrease to the mid-to late-season value earlier in the melt season than for less extreme RCP 464 scenarios. However, when 2025 under RCP 2.6 is compared to 2000, we find that the 465 transition to a lower mid-to late-season P w /P i value occurs even later than in 2000, and the 466 peak in P w /P i also occurs even later than in 2000 (Figure 6 ). This is consistent with the result 467 that the total modeled runoff for 2025 under RCP scenario 2.6 is less than the total modeled 468 runoff for 2000 (Figure 3) . 469
For moulins/junctions < 10 km of the margin (Figure 6a ), subglacial water pressure fluctuates 470 ultimately around a mid-to late-season mean P w /P i ≈ 0.45, and this is reached by ~10 July for 471 the majority of years and RCP scenarios. After the initial filling of the subglacial drainage 472 system (i.e. from 1 to 10 June), and before the lower mid-to late-season P w /P i is reached, this 473 group of moulins fluctuates around P w /P i ≈ 0.6 (often peaking at a maximum of ~0.7 and 474 decreasing to a minimum of ~0.45). 475
For moulins/junctions > 10 km of the margin (Figure 6b ), subglacial water pressure fluctuates 476 eventually around a mid-to late-season mean P w /P i ≈ 0.6, which is reached by ~20 July for 477 most years and RCP scenarios. After the initial subglacial drainage system filling, and before 478 the mid-to late-season mean P w /P i is reached, this group of moulins fluctuates around P w /P i ≈ 479 0.8 (often peaking at a maximum of just over 1.0 and decreasing to the minimum of ~0.65). 480 The PDD model output for RCP scenarios 2.6, 4.5 and 8.5 suggests that summer surface 516 runoff generally increases in magnitude throughout the 21 st century at Paakitsoq. The 517 exception is for RCP 2.6, where the total summer runoff for 2025 is slightly less than that for 518 2000, and where a small decrease in summer air temperatures from the middle to the end of 519 the century results in lower summer runoff for 2095 than for 2050 (Figure 3) . The general 520 trend of increasing runoff is mainly due to an increase in meltwater production (due to 521 increased air temperatures) as opposed to an increase in liquid precipitation. Given our focus 522 on the ablation zone, this dominance increases with higher air temperatures, as snow is 523 removed increasingly quickly to expose the lower-albedo ice surface below. 524
Although the summer average air temperatures increase under most RCP scenarios in the 525 future, causing an increase in total summer runoff, the temperature increases do not occur 526 evenly throughout the summer, and in some cases monthly temperatures decrease compared 527 will experience different rates of runoff increase in the future might also be expected to affect 545 the way in which the subglacial drainage system evolves over the summer, and patterns of 546 steady-state and transient water pressure fluctuations might be expected to change more in 547 some places than others. 548
Variations in subglacial water pressure through the 21 st century 549
Although our model does not explicitly simulate the transition from a distributed system to a 550 channelized system, the transition to a lower mean P w /P i during the melt season indicates that 551 the season-long evolution of the conduits themselves increases the efficiency of the system 552 from small, constricted conduits early in the summer, to larger, more efficient conduits later 553 in the season (Figure 6) . Additionally, the finding that the transition to a lower mean P w /P i 554 occurs earlier for conduits nearer the margin (i.e. where ice is relatively thin and runoff rates 555 are relatively high) (Figure 6a ), than for those higher up in the catchment (i.e. where ice is 556 thicker and runoff rates are lower) (Figure 6b Given that: i) a low mean P w /P i value tends to be reached earlier in the summer for model 561 runs with higher available surface runoff (i.e. runs under the more extreme RCP scenarios, 562
and runs later in the century) ( Figure 6 ); and ii) the percentage of time that P w /P i ≥ 1 tends to 563 decrease as surface runoff increases (Table 1) Uncertainty remains about whether future increases in surface runoff (and therefore increases 570 in subglacial discharge) will increase or decrease basal sliding, and thus ice velocities, over 571 short (days to weeks) and long (months to years) timescales. Given our finding that the 572 subglacial drainage system generally transitions from an inefficient to a more efficient system 573 earlier in the melt season as the century progresses and as RCP scenarios become more 574 extreme, we suggest that future increases in surface runoff to the subglacial hydrological 575 system will to lead to an overall reduction in ice velocities over monthly and yearly 576
timescales. This conclusion is consistent with previous work undertaken in marginal areas of 577 the GrIS, where the ice is sufficiently thin to enable an efficient subglacial system to become 578 suggests that a certain runoff threshold is needed for the subglacial drainage system to 589 experience a decrease, rather than an increase, in water pressure, and that this runoff 590 threshold is higher for conduits beneath thicker ice than for those under thinner ice. 591
Consequently, the transition from early-season high water pressure to mid-to late-season low 592 pressure will occur latest for the thicker regions of the ice sheet. With this reasoning, we 593 suggest that for inland ice that is above a certain thickness, the runoff threshold may not be 594 reached under any of the RCP scenarios investigated in this study, meaning that water 595 pressures could continue to increase, rather than decrease, in response to increases in runoff 596 over the 21 st century. This is supported by a recent study by Doyle et al. [2014] , who 597 presented observational data from > 100 km from the GrIS margin and demonstrated an 598 average increase in ice velocities from mid-to late melt season. 599
However, over shorter timescales, our results suggest that warmer (cooler) periods can cause 600 short-term increases (decreases) in water pressure, and, by implication, sliding velocities. For 601 example, short-term variations (over ~3-10 days) in subglacial water pressure occur in our 602 modeled runoff series from early August onwards, even though the system has transitioned to 603 conduits with a lower mean water pressure by then (Figure 6 ). This finding is consistent with 604 previous modeling studies [e.g., Schoof, 2010; Bartholomew et al., 2012; Banwell et al., 605 2013] that show how temporary imbalances between the rate of water delivery to the 606 subglacial drainage system and its ability to evacuate the water are likely to result in short-607 term spikes in subglacial water pressure. We also find that these late melt season pressure 608 variations are more pronounced in the moulins/junctions > 10 km from the margin (Figure  609 6b), than those closer to the margin (Figure 6a ). This is because conduits under thicker ice 610 rapidly close during times of low runoff inflow, lowering the capacity of the system, and thus 611 enabling higher water pressures to be produced when inflow to the system increases.  The timing of the transition from a less efficient subglacial drainage system to a more 639 efficient subglacial system for a marginal area of the GrIS (< 20 km of the ice margin) 640 is dependent on the availability of surface runoff. As the century progresses, and/or as 641 RCP scenarios become more extreme, runoff production generally increases, and the 642 subglacial drainage system makes an earlier transition from a less efficient network 643 operating at high water pressures to a more efficient network with lower water 644
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pressures. An upglacier progression in the evolution of conduit efficiency is also 645 observed throughout the summer. RCPs (2.6 (blue), 4.5 (green), and 8.5 (red)) and 3 target years (2025, 2050, and 2095).
